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Over the course of the past decade, DNA has proven to be an extraordinarily useful material for nanotechnology applications, as it can be chemically synthesized, easily modified and exhibits exceptional stability over a wide range of conditions, making it possible to construct a broad variety of functional nanoscale devices. For example, DNA-based biopolymers can be used for specific molecular recognition (e.g. aptamers 1 ), construction of complex 2D and 3D structures (e.g. origami 2, 3 and cages 4, 5 ), computing, 6, 7 and nano-mechanical systems. 8, 9 Furthermore, seminal work by Breaker, Joyce and Santoro has shown that DNA-based 'DNAzymes' can perform enzymatic reactions. 10, 11 However, in order to maximize the usefulness of this wide range of DNA-based nanodevices, it is imperative to devise an effective strategy to control their functionality such that they can readily be switched on or off, on demand.
Towards this end, a number of approaches have been reported wherein specific DNA sequences are used as 'triggers'. For example, Yurke and coworkers have shown that the mechanical motion of DNA tweezers can be controlled by specific trigger sequences that induce opening or closing of the nanostructure. 12 Similarly, Dirks and Pierce 13 reported a hybridization chain reaction wherein a specific DNA sequence triggers the assembly of individual DNA monomers into multi-unit nanostructures. In this type of control scheme, it is critical that the switching mechanism is highly specific to the sequence of the trigger DNA, such that oligonucleotides containing mismatched bases are incapable of activating the molecular function. Ideally, the switching mechanism should only respond to a perfectly matched trigger sequence, and remain inactive in the presence of other sequences that contain even single-base mismatches. However, the development of a hybridization-based switching mechanism with single-base specificity has proven to be challenging, because the difference in hybridization energy between a given DNA sequence and a perfectly matched trigger sequence versus variants containing a single-base mismatch is usually minimal at room temperature. 14 In this work, we report a hybridization-based switching mechanism with single-base fidelity that operates effectively at room temperature. Our mechanism is entirely composed of DNA and utilizes a 'triple-stem' structure that we have previously reported, wherein the difference in energy between self-hybridization versus hybridization to the trigger can be tuned. 15 As an exemplar, we have synthesized a switchable DNAzyme (SDZ) that exhibits exquisite specificity to a trigger sequence, with single-base fidelity. In its native state, the SDZ folds into a highly stable triple-stem structure, which locks the DNAzyme moiety into an inactive state. Hybridization to the perfectly matched trigger sequence unlocks the structure, thereby activating the DNAzyme motif. However, any differences within the trigger sequence, including single-base mismatches, prevent unlocking of the triple-stem structure, as the native selfhybridized 'triple-stem' state is more thermodynamically stable. 15 The SDZ molecule consists of 76 DNA nucleotides (nt) containing the 10-23 DNAzyme motif, and folds into a triple-stem conformation (experimental section, 1) at room temperature (Scheme 1). The 10-23 DNAzyme is an in vitro selected DNA molecule with a 15-nt catalytic domain that exhibits sequence-specific RNA cleavage activity. 10, 11 This DNAzyme is highly versatile, because the sequence of its recognition arms can be changed without loss of catalytic activity as long as the cleavage site contains an unpaired purine and a paired pyrimidine. 16 Here, a 15-nt DNA/RNA chimeric substrate labeled with a fluorophore-quencher pair (2) was used to fluorescently measure DNAzyme activity. At room temperature, the SDZ molecule folds into its native triple-stem structure, locking the DNAzyme unit in an inactive state via intra-molecular hybridization with its two recognition arms. Hybridization to a perfectly matched trigger sequence (PM; 3) opens the triple-stem structure, thereby activating the DNAzyme motif (Scheme 1, top). In the presence of Mg 2+ , the activated 10-23 DNAzyme cleaves the phosphodiester bond between the unpaired purine and the paired pyrimidine of the substrate, separating the fluorophore from the quencher to generate a fluorescence signal (Scheme 1, top right). Importantly, the activated DNAzyme motif is capable of cleaving multiple substrate molecules, resulting in a significant increase in fluorescence (Fig. 1A, PM) . In contrast, a single-base mismatched trigger sequence (MM; 4) is unable to unlock the triple-stem nanostructure, as the state of the native self-hybridized SDZ molecule is more thermodynamically favorable (Scheme 1, bottom). 15 As a result, the DNAzyme motif remains inactive and thus incapable of cleaving the substrate, resulting in a minimal increase in the fluorescence signal (Fig. 1A, MM) . We first characterized the activity of the SDZ at varying concentrations of the trigger sequence, and observed dramatic differences in the responses to PM and MM triggers (Fig. 1B) . At low concentrations, we observed a linear increase in the fluorescence signal, wherein the slope for PM (1014 units per nM) was significantly higher than that for MM (45 units per nM) (Fig. 1B, inset) . This difference in slope results in dramatic differences in the fluorescence signal, enabling us to discriminate PM and MM triggers at concentrations as low as 750 pM. This detection limit represents a 10-fold improvement over the triple-stem structure lacking the amplification function reported in our earlier work. 15 To quantify the SDZ's specificity for its PM trigger sequence, we defined the single-base mismatch discrimination factor (DF) as the ratio of the net fluorescence intensity observed with the PM trigger to that with a MM trigger after background subtraction. Thus, a larger DF is indicative of greater specificity. We challenged the SDZ molecule with trigger sequences containing single mismatches at different positions and measured the DF values. Using a fixed trigger concentration of 20 nM, we observed a DF of B13 for various triggers containing different mismatched nucleotides at the same position as was modified in the original MM sequence (Table 1 , mismatched bases in red), which suggests that the specificity of the SDZ does not depend on the identity of the mismatched base pair. We also obtained DFs ranging from 2.2 to 7.2 for trigger sequences containing mismatched bases at various positions. We believe that the original MM trigger sequence (4) shows a higher DF compared to other trigger sequences because its nearest neighbors are A:T base pairs, which are less stable. We also observe that the trend in DF of internal mismatches is C:C > A:A E T:T > G:G, which is fully in line with the inversely proportional trend in stabilities of the mismatches as reported by Peyret et al. 17 To analyze the reaction rates of the SDZ, we performed timecourse measurements at different concentrations of PM and MM trigger sequences (5, 10, 15, 20 and 40 nM) (Fig. S1, ESI †) . During the first 60 minutes, the DNAzyme-catalyzed reaction triggered by 40 nM PM yielded a considerably greater fluorescence signal gain (90 units per minute) in comparison with 40 nM MM (6 units per minute). The data also show that the rate of DNAzyme cleavage slowed with decreasing trigger concentrations. We used the Michaelis-Menten equation to calculate the rate constants of the SDZ for PM and MM trigger sequences from these data. 18, 19 For the PM trigger, we calculated a Michaelis-Menten constant (K m ) of 209 nM and an apparent turn-over number (k cat ) of 0.18 min
À1
, and therefore a reaction efficiency (k cat /K m ) of 8.6 Â 10 5 M À1 min
. The k cat of SDZ is close to that determined for the free 10-23 DNAzyme by Santoro and Joyce (0.1 min À1 ), 11 suggesting that the DNAzyme efficiency is not hampered by integrating into the triple-stem . The k cat of the integrated DNAzyme with the MM trigger is 90 times lower than in the presence of the PM trigger, confirming the highly specific PM-triggered activation of the SDZ. This large difference in kinetic response enables the SDZ to exhibit excellent discrimination between PM and MM triggers ( Fig. 2A) and sustain a large DF over an extended period of time (Fig. 2B) .
In this work, we have described a DNA hybridization-induced switching mechanism with exquisite sequence specificity to the trigger DNA molecule, which allows us to control the activity of functional DNA nanostructures. In our model, we show that only a perfectly matched trigger oligonucleotide can activate the DNAzyme moiety embedded in the SDZ-DNA structure, while other sequences that differed by even a single base were unable to effectively unlock the nanostructure. Although we observed some differences in DF for the various mismatched trigger sequences we tested, we found that our switching mechanism can discriminate mismatches for all four nucleotides (A, T, C and G) at various positions of the trigger sequence over extended periods of time (>5 hours). By measuring the kinetic performance, we also confirmed that the reaction efficiency (k cat /K m ) of the SDZ is comparable to the native 10-23 DNAzyme, indicating that incorporation into our switchable triple-stem structure does not hamper catalytic activity. Given that this triple-stem structure operates effectively at room temperature and is entirely composed of DNA, we believe our switching mechanism could be broadly useful for regulating the activity of other functional DNA nanostructures beyond the DNAzyme example described here. Such control over the actuation of functional DNA machinery will be an important step towards fully harnessing the potential of DNAbased nanotechnology.
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